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Resum
El grup de recerca ICARUS esta` desenvolupant una arquitectura UAS (Unmanned Aerial
System) per tal de facilitar el seu u´s en aplicacions civils com per exemple deteccio´
d’incendis forestals. Aquesta arquitectura es basa en diversos serveis, entre ells el servei
de vol. Aquest servei e´s el responsable de volar l’UAS a trave´s d’un pla de vol predefinit.
L’objectiu d’aquest projecte e´s emular un llac¸ de control per tal de que el pilot automa`tic
de l’UAS pugui volar transicions FO+TF (Fly Over + Track to a Fix), basades en WPs
(Waypoints) i transicions RNAV. Tenint en compte que el UAS sap volar aquest tipus de
transicions, es realitza un ca`lcul per tal d’afegir extra WPs per tal que el pilot automa`tic
pugui volar altres tipus de WPs i transicions com per exemple FO+DF (Fly Over + Direct
to a Fix), FO+RF (Fly Over + Radius to a Fix) i FB+TF (Fly By + Track to a Fix).
La memo`ria del projecte esta` dividida en quatre parts. En primer lloc, hi ha una breu
introduccio´ a l’arquitectura UAS proposada pel grup de recerca ICARUS i es mencionen
els para`metres ba`sics de la navegacio´ RNAV. A continuacio´, es defineixen les principals
caracterı´stiques del llac¸ de control FO+TF, i, es defineixen, utilitzant diverses equacions,
la posicio´ d’altres WPs, per tal de volar altres tipus de transicions. La tercera part, inclou
la implementacio´ al codi d’aquestes d’aquests dos primers capitols. Finalment, la part
experimental inclou els tests utilizant FGFS (Flight Gear Flight Simulator) i Google Earth.
Una de les principals limitacions del nostre sistema e´s l’efecte del vent, i aixo` es men-
ciona a les darreres seccions del projecte. ´Es important cone`ixer i entendre aquestes
limitacions. No obstant, el resultat del projecte e´s completament satisfactori.
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Overview
The ICARUS research group is developing an UAS (Unmanned Aerial System) architec-
ture so as to take advantage of them in civil applications, such as fire detection. Such
architecture is based on different services, which include the flight service. The flight ser-
vice is responsible for flying the UAS according to a flight plan.
The aim of this project is to emulate a control loop so as to enable the UAS on-board au-
topilot perform FO+TF (Fly Over + Track to a Fix) transitions, taking into account RNAV
legs and WPs (Waypoints). Regarding this autopilot capability, then new WPs are com-
puted to deceive this autopilot so as to fly other types of WPs and transitions such as
FO+DF (Fly Over + Direct to a Fix), FO+RF (Fly Over + Radius to a Fix) and FB+TF (Fly
by + Track to a Fix).
The work has been divided in four main blocks. Firstly, there is a brief introduction to
the ICARUS UAS Architecture and the basic RNAV parameters. Next, the second block
defines the main characteristics of the FO+TF control loop. Next to that, by using several
equations, the position of other WPs is defined, in order to fly other types of transitions. The
third chapter includes the implementation of the first two chapters in the code. Finally, the
experimental part includes the testing with the aid of FGFS (Flight Gear Flight Simulator)
and Google Earth.
One of the main limitations of our system is the effect of wind and that is referred in the
last sections of this project. It is important to understand the limitations and to be aware of
them. However, the result of the project is completely satisfying.

Vull agrair als meus dos tutors, per l’ajuda rebuda en tot el projecte, i a la meva familia,
pel seu suport incondicional.
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1INTRODUCTION
Unmanned aircraft have been highly developed for military purposes, but their several uses
and challenges are generating great interest in the civil context these days. ICARUS re-
search group, founded in 2005 by faculty from the Technical University of Catalonia, is
aiming to build an architecture in which UAS can be used in several civil missions with
minimal reconfiguration and reduced operational costs. UAS are very useful in D-cube op-
erations (Dirty, Dull or Dangerous) which also include environmental applications, helping
in emergencies, and monitoring and surveillance applications, among others.
The Flight Control System (FCS) of an aircraft is the responsible for managing, controlling
and guiding the aircraft along the flight plan. With the pursuit of enhancing one of these
systems, the ICARUS group has created an architecture. Such architecture is based on
distributed embedded services. There are four categories of services: the flight services,
the mission services, the payload services and the awareness ones, all of them communi-
cated through a middleware glue logic. The project presented in this document only deals
with services in the flight category. Among the different services that the flight category
implements, the Flight Plan Manager Service (FPMa) and the Virtual Autopilot Service
(VAS) are the most important ones.
The aim of the project is to emulate a control loop so as to enable the UAS’s on-board
autopilot to perform navigation supporting Fly Over (FO) Waypoints (WPs) and Track to a
Fix (TF) transitions. In addition to that, taking this autopilot capability, the projects deals
with the computation of additional WPs which enable the UAS to fly other types of WPs
and other kinds of transitions.
The project here presented is organized in the following way. In chapter 1, Icarus UAS
architecture and RNAV, Area NAVigation, are introduced to place the project into context.
After that, in chapter 2, the proposed solution of the FO+TF control loop, which regards the
work done in the VAS, is presented, as well as the computation of additional WPs, which
includes the work in the FPMa. Next to that, the chapter 3 contains the implementation of
the equations, presented in chapter 2, in the existing code. Finally, in chapter 4, execution
examples and tests can be found, which show the result of the proposed material. Chapter
5 summarizes all the work and describes possible lines of future work.
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CHAPTER 1. BACKGROUND
The background of the project is presented in this chapter. There is an introduction of the
ICARUS UAS Architectre. In addition to that, there is a brief introduction to RNAV basic
concepts. The final section displays the project objectives.
1.1. ICARUS UAS Architecture
The ICARUS Group is developing an UAS architecture that could be adapted to several
applications. It is very versatile so it can work under very different circumstances and
integrate sensing devices for different purposes. Amongst them, the UAS architecture is
conceived to be able to work from applications in fire detection to rescues in inaccessible
areas.
The architecture contemplates four categories of services. Firstly, the services in the flight
category are responsible for operating the autopilot and provide basic monitoring. Sec-
ondly, the mission services are responsible for keeping the mission parameters updated
and also provide mission information. Furthermore, the services contained in the payload
category are in charge of providing an interface with the input and output capabilities of
the payload provided by the UAS. Finally, the awareness services mission is to guarantee
a safe UAS operation as well as to provide terrain avoidance alerts. These categories of
services are displayed in figure 1.1.
The internal communication between services is brought about by middleware-based soft-
ware. It implements the logic of the application and provides an execution environment
as well as common functionalities and communication channels. The middleware is re-
sponsible for executing the services and centralizes the shared use of resources. It also
manages the access of services to other services.
Figure 1.1: ICARUS UAV Services
The main services in the flight category of the ICARUS UAS Architecture are the Virtual
Autopilot Service, also known as VAS, and the Flight Plan Manager Service, abbreviated
as FPMa, which indeed are the most important flight services. Other services in such
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category are the contingency management, and the electrical and engine management,
which are, basically, auxiliary systems.
The figure 1.2 depicts a visual representation of the services in the flight category found in
the ICARUS UAS Architecture [1].
Figure 1.2: Flight Services
We will describe briefly the FPMa and the VAS to place the project into context, as the
project deals with both of them. Also, at the end of this section, there is an introduction to
the flight plan specification used in the ICARUS UAS Architecture.
1.1.1. Flight Plan Manager Service
The Flight Plan Manager Service is the basic tool to execute flight plans, as flight planning
capabilities of autopilots are usually limited to simple WP navigation. At the beginning of
each mission, the FPMa recieves a series of legs (portions of flight plans) and translates
them into WPs. The main task of the FPMa consists in generating the sequence of WPs
that will direct the UAS flight. Then, WPs are sent from the FPMa to the VAS, which is
the only type of navigation commands that can process. The FPMa runs continuously and
provides information of UAS position, flight plan process and the destination WP, to which
the UAS is flying to.
1.1.2. Virtual Autopilot Service
The Virtual Autopilot Service is the system which enables the communication between the
FPMa and the on-board autopilot. The on-board autopilot is responsible for maintaining
the UAS on a steady course. It covers and isolates the autopilot characteristics from the
rest of the system, function which brings versatility. So, regarding the characteristics of the
autopilot, the VAS would translate the information received from the FPMa, so the on-board
autopilot will understand the information. On-board autopilots are usually able to receive
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navigation commands in terms of WPs but in the ICARUS UAS simulation environment,
that capacity is emulated with the VAS. The VAS, then, controls the Flight Gear Flight
Simulator (check chapter 4) with inputs of headings, altitudes and speeds. As the FPMa
has the information in WPs, the challenge is to translate this information into headings,
and this is the main task of the VAS in horizontal guidance. Of course, there are different
kinds of WPs, as well as transitions which the VAS has to be able to work with. The VAS
also standardizes the type of information sent to the autopilot.
1.1.3. Flight Plan Specification
The Flight Plan is the essential source of information for both the VAS and the FPMa,
although it has only contact with the FPMa. It includes a series of parameters describing
the mission plan and contains all the instructions for the flight. The Flight Plan is entered
in the FPMa in a readable .xml file which includes the main legs of the flight plan. These
legs are based on the RNAV concept, and, at the same time, are translated by the FPMa
to paths and terminations. Paths and terminations are a simple code of different types of
RNAV procedures which are explained in section 1.2.
Taxi, take-off, departure, en-route, arrival, approach and landing are different examples of
stages in UAS and commercial aircraft flights. Each of these stages include different legs,
paths and termination points. A leg represents the path between two WPs, the origin of a
leg and the destination. Leg types are identified by a two letter code that describes the path
and the termination point. Moreover, legs are divided into four groups, the basic, which
include the very primitive legs, the iterative, allowing repetition of legs, the intersection,
which provide a junction point with multiple ways out, and finally, the parametric, whose
path can be defined from parameters of a generating algorithm.
Every leg is based on a series of WPs, which are the smallest and indivisible part of flight
plans. WPs are geographical locations of points of interest. In ICARUS Flight Plans WPs,
not only have information of position, but also have altitude or speed. So, changes in
the attitude of the UAS are only performed at WPs. They can either be used to change
the attitude of the UAS or to monitor it. The main structure of ICARUS Flight Plans is
represented in figure 1.3. A flight plan is formed by stages, legs and finally WPs.
Figure 1.3: Flight Plan Structure
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1.2. RNAV Characteristics
In this section, aRea NAVigation, also known as RNAV, is explained, as well as its main
characteristics for a better understanding of the following chapters.
1.2.1. Introduction to RNAV
First aviators started to fly having only the ground as a reference for positioning. That was
a good solution as long as aircraft did not have long endurance and could not climb to
higher altitudes. Aircraft performance quickly improved and new airliners flew further and
higher. Besides that, when commercial flights set up, all-weather conditions had to be met,
and that was not possible only having visual references. So, primitive beacons and radio
stations were installed in known positions, so as to provide reference points to crews, in
terms of, basically, electric signals These beacons became more sophisticated and more
reliable, up to the very well known VOR (VHF Omnidirectional Range), DME (Distance
Measure Equipment) and NDB (Non-Directional Beacon). The type of navigation which
uses these radio stations is called IFR (Instrumental Flight Rules)[2][3] while the type of
navigation which uses visual references has been used up to now under the name of VFR
(Visual Flight Rules).
Commercial aircraft flying in IFR rules, commonly navigate from one airport to another
using pre-established routes. These routes, when they were firstly introduced, were usually
defined over in-land beacons such as VORs, NDBs and other radio stations. Crews used
their radio equipment inboard the aircraft to receive signals from these radio stations, and
therefore, perform navigation.
However, as the air traffic increased and flying time and fuel were factors to take into ac-
count for airlines, another type of navigation appeared. This is RNAV, were routes and
terminal procedures are not defined over radio stations but over WPs. RNAV uses differ-
ent positioning systems from the aircraft to find out the positions of WPs and the aircraft
position itself. The positioning systems used by aircraft can be from NDBs or VORs to
GPS (Global Positioning System) or LORAN-C (LOng RAnge Navigation)[4].
RNAV advantages span wide open[5]: less fuel consumption, fewer acoustic pollution,
flexible airspace and better airspace managemenent. RNAV is widely used in terminal
procedures such as SIDs and STARs but the aircraft and the crew have to be certified to
use this type of procedures. However, there still can be found conventional IFR procedures
in major airports for aircraft not certified to fly RNAV transitions. A typical comparison of
RNAV and conventional IFR en-route is depicted in figure 1.4. IFR routes are based over
in-land beacons, but RNAV allows to fly routes without having to pass over radio stations.
WPs in RNAV routes are located at known latitudes and longitudes and at a certain dis-
tance from surrounding radio stations. Of course, this type of navigation cannot be done
as conventional IFR, and on-board computers such as the FMS (Flight Management Sys-
tem), provide the capability to fly these paths. The FMS is able to hear the closest radio
stations, and using triangulation methods is able to follow a pre-established RNAV route.
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Figure 1.4: Difference in conventional IFR and RNAV Routes
1.2.2. WP Types
Basically, in RNAV, two kind of WPs can be found: the Fly By (FB) and the Fly Over (FO),
although the first one is more used in terminal procedures and routes than the second one.
Unless it is indicated in the route or procedure description, crews assume that all WPs, are
fly by ones.
Notice the notation used to distinguish between the two types of WPs. The FB WP is
located in the left side of figure 1.5 while the FO WP is in the right side.
Figure 1.5: FB WP (Left) and FO WP (Right) (Source: [6])
1.2.2.1. Fly By WP
A FB WP means that the aircraft starts turning to intercept the next course of the flight
plan before reaching the WP, to ensure that, after it had turned to the next leg, the aircraft
will be flying to the next WP directly. So, in that case the aircraft does not pass over the
WP ever, as it anticipates the turn. An example of this WP followed by a TF transition is
represented in figure 1.6.
This is the most common WP in both routes and terminal procedures. The FB WP is
usually combined with the TF (Track to a Fix) transition, so after passing by the WP the
aircraft flies directly to the next WP.
1.2.2.2. Fly Over WP
A FO WP is seldom seen in flight plans but indeed, it is interesting to be able to follow a
flight plan of this kind of WPs. This WP has to be flown by the aircraft, and after passing
over it, the aircraft starts turning to the next course of the route. In that case, the turn is
not anticipated as it was in the FB WP.
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Figure 1.6: FB WP followed by a TF transition (Source: [6])
The FO WP is usually found in the FO+TF (Fly Over + Track to a Fix) transition. An example
of this WP followed by a TF transition is represented in figure 1.7.
Figure 1.7: FO WP followed by a TF transition (Source: [6])
However, the FO+DF (Fly Over + Direct to a Fix) can be also found. The difference is that
after flying over the WP, the aircraft will proceed directly to the next WP, not intercepting
the course.
1.2.3. Path Terminators
The types of WPs that have just been presented, are combined with different kinds of paths
terminators [7] (also known as legs) with the pursuit of intercepting the next course of the
flight plan. The most common RNAV legs are stated below.
• TF: Track to a Fix.
• DF: Direct to a Fix.
• RF: Radius to a Fix.
• HF: Hold to a Fix.
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As the HF leg can be performed following a combination of a RF and a DF leg, only the TF,
DF and RF legs are presented in the following sections. However, not all the combinations
of WPs and legs are possible and some of them are out of the extent of this project. For
that reason, the following legs are explained in depth in the following sections:
• FO+TF: Fly Over WP followed by a Track to a Fix transition.
• FO+DF: Fly Over WP followed by a Direct to a Fix transition.
• FO+RF: Fly Over WP followed by a Radius to a Fix transition.
• FB+TF: Fly By WP followed by a Direct to a Fix transition.
The equations for the following sections have been extracted from [8] but all of them have
been verified and deduced.
1.2.3.1. FO+DF
The FO+DF transition is based on flying directly to the next WP of the flight plan after
having overflown the previous one. The figure 1.8 represents this transition.
Figure 1.8: FO+DF transition
The basic geometry parameters that apply to this transition are presented in the following
equations. The values presented in the following equations are of geometrical interest for
the corresponding transitions and will help to understand the following chapters.
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LFO+DF1 = R1 sinα (1.1)
LFO+DF2 = R1 cosα tanβFO+DF (1.2)







For more information on how to compute the angle βFO+DF , the reader is referred to [9].
The value of L is the minimum distance required to perform a natural FO+DF transition.
That distance, basically depends on the βFO+DF but also on other parameters of the tran-
sition.
1.2.3.2. FO+TF
In this transition, after the previous WP has been overflown the aircraft will try to intercept
the course. The next figure 1.9 represents this transition.
Figure 1.9: FO+TF transition
The basic geometry parameters that apply to this transition are presented in the following
equations.
LFO+T F1 = R1 sinα (1.4)
LFO+T F2 = R1 cosα tanβFO+T F (1.5)
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The value of L represents the minimum distance between two WPs to execute a natural
FO+TF transition. That value is the addition of the small numerate portions of LFO+T F
1.2.3.3. FO+RF
The FO+RF is widely used when the aircraft needs to change its direction. It is defined by
two WPs and a turn angle, and by adjusting the speed and the aircraft’s bank angle, this
transition can be smooth. This transition is displayed in figure 1.10
Figure 1.10: FO+RF transition
R =
v2
g · tanφ (1.9)
The value of R is the radius of an aircraft concerning its bank angle φ.
1.2.3.4. FB+TF
This transition is based on making the autopilot anticipate the turn as this transition deals
with a FB waypoint. The representation can be found in figure 1.11 and the value of L
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can be found in equation 1.10. The FB WP does not accept a FB+DF transition as, it is
equal to a FB+TF one. For this reason, the FB+DF is not considered in the project, but the
geometry will be the same as the FB+TF.
Figure 1.11: FB+TF transition






This project is the continuation of a previous TFC from Noel Trillo [9] entitled RNAV guid-
ance system for unmanned aerial vehicles. whose main work was to propose equations of
additional WPs to fly different types of legs with a FB+TF control loop.
The project here presented has the following objectives:
1. Implement of a FO+TF control loop emulation in the VAS, since the previous project
only used a FB+TF control loop.
2. Implement, in the FPMa, of the necessary equations to fly different types of legs with
a FO+TF control loop. These equations were proposed in [9] but all of them have
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3. Enable the FPMa to compute the deviation from the current position of the UAS to
the proposed route in the flight plan.
All these improvements make the UAS a system that, after computing, redistributing or
eliminating WPs, is able to fly a wide range of legs and WPs, with several kinds of control
loops.
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CHAPTER 2. EMULATING A FO+TF AUTOPILOT
In this chapter the FO+TF autopilot control loop is explained. There is a division between
the FO and the TF, for explanatory purposes only, but there is a final section which takes
into account both the FO and the TF at the same time, since the autopilot performs the
FO+TF altogether.
2.1. Fly Over
In the following sections, the FO autopilot problem and final solution are discussed.
2.1.1. Initial Considerations
At the very beginning, very naive assumptions were made in order to finally decide which
will be the mechanism to perform the FO. It is not easy, indeed, to know exactly when has
the aircraft passed over a FO WP. Of course, the horizontal distance between the aircraft
and the WP can never be zero in the pursuit of considering that the aircraft has flown
the WP, which would be too far-fetched. For instance, the current accuracy required to
commercial aircraft when flying RNAV en-route legs is RNP 4 [10], meaning that difference
between the exactitude of the estimated position and the real has to be of 4 miles (7.4 km)
or lower the 95 per cent of the flying time.
However, the first approach to this problem was to define a distance around the WP, as
a circle, and consider that if the aircraft was at a shorter distance to the WP of the dis-
tance defined by this circle, we could consider the WP as flown. Nonetheless, this has
several drawbacks. First of all, the distance to be defined directly depends on the aircraft
performances and WP situation, so a fixed distance would not be a possible solution, and
a variable distance would be pointless, since it would have to be recalculated for each of
the unmanned aircraft.
Figure 2.1: First approach to a FO autopilot
This way of solving the FO problem lack inconsistency and was too incomplete to consider
16 Enhancing a RNAV guidance system for UAS with fly over waypoints and track to a fix path terminators
it valid for the project.
Another aspect to consider is that aircraft current autopilots are able to disconnect from
automatic WP navigation and then, after performing manual navigation, connect again and
resume WP navigation. This usually happens when crews are instructed to change their
heading or their altitude in the pursuit of avoiding surrounding aircraft which could end up
in an incident. Obviously, after manual navigation, the autopilot will resume the navigation
to the WP the aircraft was flying before being disconnected from automatic navigation,
unless the pilot induces manually the autopilot to resume the navigation to another WP.
The possible solution of the FO was desired to contain this idea, so as to enable the UAS
autopilot to disconnect to perform manual navigation, and afterwards, connect it again to
resume automatic WP navigation. As a result of that, another question aroused when
deciding in which WP resume the navigation. The final decision was to resume the navi-
gation to the nearest WP if the aircraft could perform a direct entry to an imaginary holding
pattern.
2.1.2. Holding Patterns
Holding patterns[11] are a very common procedure in terminal approach to airports. Basi-
cally, they are hippodrome-like shapes based over WPs, in case of RNAV procedures, or
radio station such as a NDB or VOR-DME, in the event of conventional IFR procedures.
Their main use is to delay aircraft landing in airports for reasons such as bad weather
surrounding the airport or due to airport congestion.
They are defined by a WP or radio station and an inbound course. For this reason, aircraft
cannot enter the holding pattern at any point of the pattern, as they have to follow a proce-
dure. This procedure of entering the hold is described in [10]. Depending on the aircraft’s
heading, how the procedure is defined and which is the holding side, three areas of joining
the holding are defined: the direct one, the parallel and the teardrop. These areas are also
inverted if the turns are made to the left or to the right side of the inbound leg.
On the one hand, for right turns, the three areas are defined in the following way from the
point of view of the inbound track. This is shown in picture 2.2. On the other hand, for left
turns, the same three areas are inverted. This is represented in picture 2.3.
As it can be seen, the direct entry is the only entry that could be performed to join the hold
without additional manoeuvres, since the teardrop and the parallel entries require a turn
before entering the normal holding procedure. The direct entry of the holding pattern is
used for the UAS’s autopilot to know if the UAS has been flown or it still in the flying plan
and has to be flown. This assumption was made to have an easy way of discerning a WP
that has been flown or not.
Nevertheless, the WP in where the holding pattern was going to be located was very clear,
but not the holding inbound course, which could either take the heading of the WP inbound
course or the heading of the WP outbound course. As shown in figures 2.4 and 2.5 after
locating the areas of the holding pattern definition, the solution was pretty much clear: the
inbound track. Otherwise, in the other possible solution, the aircraft would be flying in the
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Figure 2.2: Areas for a right holding pattern
Figure 2.3: Areas for a left holding pattern
correct course but even unable to make a direct entry to the hold, which had no sense at
all.
Another subject was to make a right-turn or a left-turn holding pattern. As the holding
pattern has a protection area which is clear from objects, it was more logical to locate it
according to the direction of the flight plan, assuming that who had designed the flight plan
had already taken into account the obstacle areas required for en-route legs. The free
obstacle areas for holding patterns are well defined in the following document [10]. Taking
as read that the route was well defined, then we used that criteria to make it left-turn or
right-turn holding patterns.
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Figure 2.4: Holding pattern located in the inbound course
Figure 2.5: Holding pattern located in the outbound course
2.2. Track to a Fix
In the next section, the TF problem and final solution are discussed. After the aircraft flies
a WP then, it has to perform the TF manoeuvre to intercept, as soon as possible, the
next course. The manoeuvre TF consists of two turns, the initial and the final, which are
discussed below.
2.2.1. Initial Turn
First of all, the aircraft needs to turn right or left according to the following WP. It is given a
30 degrees difference of heading for the output course of this turn. The difference value of
30 degrees was selected according to the fact that it it is widely used in aircraft navigation
procedures. This value allows the pilot, autopilot in our case, to react for the following turn.
Moreover, when intercepting ILS (Instrument Landing System) approaches, 30 degrees is
the maximum deviation admitted.
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2.2.2. Final Turn
After that, a second turn has to be performed to finally intercept the track. The moment in
which the aircraft has to start turning the final turn was something to find out. The easiest
way to compute when it had to turn, was comparing distances.
The turning radius of an aircraft is expressed in equation 2.1, which is taken from [12].
This equation is valid for any aircraft regardless of performances or weight. It relates the
Ground Speed (GS) v with the bank angle φ and the earth’s gravity g.
R =
v2
g · tanφ (2.1)
The equation that expresses the length of the turning radius of an aircraft is displayed in
equation 2.2 in accordance with figure 2.6.




Figure 2.6: Track to a Fix design
The value of K is a variable regarding the time an aircraft needs to roll and get the desired
bank angle. This value is unique for each and every aircraft, as it is related with aircraft
performances, weight and dimensions. However, there is not a way to reach a function
that can define this value from input values (weight, wing span, etc). For that reason, this
value had to be obtained from every aircraft and included in the formula so as to have a
better solution to the computed turn.
In our case the aircraft model used for the simulation was a Piper J-3 Cub and, this aircraft,
needs about 3.5 seconds to get to a desired angle. More information about the simulation
environment used in the project can be found in chapter 4 This value of time, has to be
translated to distance, by multiplying it by the aircraft GS. Anyhow, assuming that this
length will be distance the aircraft needs to intercept the track, we only have to compare
this distance with the aircraft’s current distance to the intercepting point of the course.
A course is only defined by two WPs, and, it is not possible to know the latitude and
longitude of each and every point defining that course. Thus, the distance in which the
aircraft has to start this second turn, to intercept the track naturally, is found by solving
20 Enhancing a RNAV guidance system for UAS with fly over waypoints and track to a fix path terminators
a mathematical system. Then, we have the line defined by WP2 and WP3 and the line
defined by the position of the aircraft and its heading. It is as simple as finding the point
in which the two lines intersect, and then start comparing the current distance to the one
computed in equation 2.2.
When the aircraft reaches this distance it starts to turn to intercept the desired course to
WP3. The computation of the intercepting point is performed time and again so if for any
reason the aircraft deviates from its theoretical path it can reach, and intercept, the track
nearer or further.
2.3. Enhancing a FO+TF Autopilot
This section discusses the enhancing of the FO+TF control loop, so as to support and fly
other types of transitions and WPs regarding its capabilities. All the material presented
in this part has been added in the FPMa of the ICARUS UAS Architecture, explained in
section 1.1. The types of transitions that have been implemented for the FO+TF control
loop are the following ones:
• FO+DF: Fly Over followed by a Direct to a Fix transition
• FO+RF: Fly Over followed by a Radius to a Fix transition
• FB+TF: Fly By followed by a Track to a Fix transition
The formulas in this part of the project have been extracted from [9] but have been deduced
and checked.
2.3.1. Enabling a FO+DF Transition
As explained in section 2.1., the FO+TF autopilot will try to intercept the track between
the flown WP and the following WP of the flight plan. In the event of having to perform a
DF transition an additional WP has to be added in the flight plan, so the UAS will perform
the transition as desired. The figure 2.7 explains the situation graphically. The blue WP
represents the WP that indeed has to be added. The exact location of this WP can be
found in equations 2.3 and 2.4.
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Figure 2.7: FO+DF Transition for a FO+TF Autopilot behaviour (Source: [9])
2.3.2. Enabling a FO+RF Transition
To meet the requirements of the RF transition, in the event of having to perform a turn with
a higher radius than the unmanned aircraft maximum bank angle, a series of WPs have to
be placed along the turn in order to guide the UAS. That is to obtain the minimal error in
the turn.
The generation of WPs will directly depend on the UAS’s speed as well as its perfor-
mances. For that reason, equation 2.5 is used in the WP generation process, so, every S
distance of arc length, a new WP is located.
S = R2 ·Π
360 φ (2.5)
The value of R can be found in equation 2.1, which computes the turn radius of the UAS.
The value of φ has been set to 30 degrees according to what was discussed in section
2.2.1., as it is a typical angle in RNAV procedures.
Nonetheless, if we try to divide the total arc length by S it would not result in an integer
number. The ceiling integer number of that division is taken when adding the necessary
WPs, preventing a loss of accuracy. In addition to that, WPs along the turn will be equidis-
tant by taking the ceiling integer number.
An example of a WP generation for a FO+RF transition can be found in figure 2.8. As it
can be seen, the WPs are located at every S distance according to equation 2.5.
2.3.3. Enabling a FB+TF Transition
In this case, not only the transition, but also the type of WP that has to be flown is different.
In that case, to solve that problem, two WPs are needed to perform the desired transition.
The two WPs in blue in figure 2.9 are needed, but also the original FB WP has to be
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Figure 2.8: FO+RF Transition for a FO+TF Autopilot behaviour (Source: [9])
removed of the flight plan. The original FB WP, which has to be deleted, is painted in grey
in figure 2.9.
Figure 2.9: FB+TF Transition for a FO+TF Autopilot behaviour (Source: [9])
The coordinates regarding WP 1 and WP 2 in figure 2.9 are shown below.
x1 =−LFB+T F · sin(90−α) (2.6)
y1 =−LFB+T F · cos(90−α) (2.7)
x2 = LFB+T F (2.8)
y2 = 0 (2.9)
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CHAPTER 3. CODE IMPLEMENTATION
This chapter presents the implementation in the code of the FO+TF control loop as pro-
posed in chapter 2 and enhancing this autopilot with different paths and terminations as
proposed in the same chapter.
The implementation has been performed in two flight services, the VAS and the FPMa.
Figure 3.1 shows graphically the relationships between the FPMa, the VAS and the FGFS
(Flight Gear Flight Simulator).
Figure 3.1: Information shared by services
The FPMa computes additional WPs needed for the transitions and are sent, in a list, to
the VAS. Then the VAS translates the WP information into headings, speeds and altitudes,
which are the valid input values for the FGFS. By these values, aircraft attitude and its
navigation, is modified. At the same time, the FGFS gives information to the VAS of the
current UAS position and the VAS sends that information to the FPMa as well as the current
WP, which the VAS is flying to.
3.1. VAS Operation and Implementation
As introduced in section 1.1.2. the VAS abstracts the implementation of the autopilot to its
users, and it is the only system capable of dealing with the on-board autopilot. The pur-
pose of that is to make the UAS independent of any particular autopilot solution. For that
purpose, the information in and out of the VAS has to be standardized. The FPMa sends
navigation commands in the form of WPs to the VAS. The WPs usually have information
of altitude and speed. The VAS translates that information into updates for the on-board
autopilot.
The FO+TF control loop code has been mainly performed in the class FlightGear. This
class deals with the on-board autopilot, in our case, the FGFS simulator. This class is
currently able to implement one of this three solutions: a FO+TF, a FO+DF and a FB+TF
autopilot control loop. Through headings, aircraft’s attitude is changed in the horizontal
field and through altitudes, unmanned aircraft vertical attitude is modified.
As shown in figure 3.2, the class FlightGear is located inside the Virtual Autopilot Service
in the Flight Gear Layer. This class implements the interaction with the FGFS Simulator
by sending navigation commands and receiving the position from the unmanned aircraft.
Other on-board autopilots, different to the FGFS, will need their especial code to interact
with. The VAS has a modular design which helps to make this change very easily.
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Figure 3.2: FlightGear class location
3.1.1. FO Implementation
The theoretical conception of the FO algorithm, as explained in section 2.1., had to be
implemented in the existing code of the VAS. Basically, the code had to be running in a
infinite loop as long as WP navigation was working.
The control loop is always asking whether the UAS can perform a direct entry to the imag-
inary hold or not. If it can perform a direct entry it will continue heading to the destination
WP. If it can not make a direct entry it will mark the WP as flown, and will fly to the next WP
in the flight plan. In order to find out if the aircraft is able to perform a direct entry to WPs
in a flight plan, the code has to follow the following steps:
• Firstly, it takes the information of the previous WP flown (WP1) and the next WP
(WP2) of the route. From that information it can take out the heading between the
two WPs.
• Secondly, it takes the information of the after the next WP of the flight plan, and, with
the information of the next WP (WP3) it can take out the true heading between these
two WPs.
• After that, comparing the two headings it can decide which is the turn side to locate
the holding pattern at WP2. On the one hand, if the holding side is right, the right
limits of direct entry are established. On the other side, if the holding side is the left
one, the corresponding limits are established.
• Finally, the code obtains the heading from the aircraft current position to WP2. If the
heading value is inside the limits of performing a direct entry to the holding pattern,
the code makes the aircraft fly to it. If the heading value is out of the limits for
performing a direct entry to the holding pattern it simply jumps this WP and proceeds
to follow this same steps for the next WP in the flight plan.
Figure 3.3 concerns all these steps needed for the FO autopilot. All in all, that is how the
algorithm is performed in the code to obtain the desired results.
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Figure 3.3: Fly Over Implementation
3.1.2. TF Implementation
The theoretical concepts of the TF, as explained in section 2.6, had to be implemented in
the VAS existing code. The code was thought to work in the following way:
• Firstly, the code does not run time and again, it is interrupted, however, until the
program notices that the aircraft has flown a WP. At that time, the code gives to the
autopilot a 30 degrees difference heading of the nominal course which would lead
to a track interception later.
• Secondly, the code starts to compute the turning distance according to the current
aircraft speed and the distance from the aircraft to the course intercepting point. This
part of the code also runs continuously as updates of the computations are made at
a very high rate.
• Finally, when the aircraft distance to the track intercepting point is lower than the
required for the turn, the autopilot is forced to correct the heading to finally intercept
the course and complete the TF.
3.1.3. FO+TF Integration
When we had both the FO and the TF separately proposed and implemented, it was time
to combine the effect of both of them, since the transition desired was a FO+TF. The
proposed control loop is only obtained by combining the two computations that have been
explained in sections 2.1. and 2.2. Using FO computations and equations, a FO+DF was
also obtained since the DF solution had already been proposed and implemented in the
existing code. This is very interesting as the VAS is now able to work with FO+TF and
FO+DF control loops, apart from the already implemented FB+TF.
The VAS structure was also modified to easily change the work mode, FO+TF, FO+DF
or FB+TF. All in all, either working with the FO+TF or the FO+DF control loops, the VAS
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is aware when a FO WPs is overflown. When that happens, the VAS chooses the code
according to what is selected a DF transition or a TF one.
3.2. FPMa Operation and Implementation
As explained before, the FPMa reads the flight plan and translates the legs into WPs.
These WPs are computed taking into account the capabilities of the VAS control loop.
Besides this main task, the FPMa also receives the position of the unmanned aircraft and
the current WP to which the VAS is flying to, as it is shown in figure 3.1. This position
has been used to compute the error or deviation that the UAS has to the flight plan, when
flying.
3.2.1. Implementation of FO+TF Extra WPs Generation
The FPMa implementation, in order to fly other types of legs, has been performed in differ-
ent classes. The WpGeneration class works as a producer of WPs and the main function
is to generate WPs which are put in a WP queue. This WP queue is controlled by a con-
sumer who has control over these WPs and sends them to the VAS when needed. As a
flight plan can include many WPs, not all WPs are sent to the VAS at once, but the con-
sumer knows exactly how many WPs has sent and how many are left to send. Besides,
the WpGenerationLegFactory has all the information about the capabilities of the autopilot
system.
Every leg is described using different fields which include, for instance, the destination
WP, the radius if it is a RF leg, or the longitude of the holding pattern if it is a HF leg.
The generation of every WP is performed in a specialized class which is different for every
combination of leg type and autopilot control loop. This is shown in figure 3.4. This project
has implemented the following classes:
• FOTF-DFLegWpGen Class: FO WP followed by a DF transition
• FOTF-RFLegWpGen Class: FO WP followed by a RF transition
• FOTF-FBTFLegWpGen Class: FB WP followed by a TF transition
Once the FPMa requests one of this legs, the class returns an object capable of giving
the necessary WPs for the transition. The generation of these WPs is performed in two
steps. Initially, the WPs are generated without taking into account which is the next leg and
are stored in a queue. Before sending the destination WP to the VAS, some corrections
are made, now taking into account which is the next leg type. Some WPs will change its
characteristics because of this last correction. That corrections will only affect to the FB
type WPs in the case we are using a FO+TF or FO+DF control loop. Their position will
change according to what was presented in section 1.2.3.4.
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Figure 3.4: FPMa classes organization
3.2.2. Deviation from the Course
The FPMa was modified in order to get the deviation, in units of length, between the
position of the aircraft and the flight plan. Every time the FPMa receives the position of the
UAS, it computes the deviation, by solving a mathematical system. As shown in figure 3.5,
the computation is done with the perpendicular line that intersects the UAS position and
the WPs that define the current leg (i.e. WP 1 and WP 2). The result of the computation
combines a lateral and vertical deviation as it is not performed from a field projection.
Figure 3.5: Deviation computation
Every time the computation is made, two output files are updated. Firstly, a KML file, which
will show later the aircraft trajectory in the Google Earth. Secondly, a CSV file which keeps
the latitude and the longitude of the UAS, and the value of the deviation from the course.
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CHAPTER 4. EXPERIMENTAL RESULTS
This chapter presents the testing of the FO+TF control loop and the enhancing with differ-
ent paths and terminations, as proposed in chapter 2.
With the pursuit of implementing and testing what is proposed in the previous chapters two
types of tests have been performed. Firstly, Unit Tests were created in order to check the
different functions implemented in the code with the pursuit of checking if the theoretical
concept that had been thought and checked in paper, will really work together with the
code that was implemented. These tests are very useful as they are the very first check
that can be made without flying.
Secondly, Flying Tests were made to check the material proposed in the past chapters.
Obviously, these were not real flying tests with an UAS as it could finish off with an unex-
pected result. The simulation environment for these kind of tests is presented in section
4.1. For more information about how other FMS fly this procedures, the reader is referred
to [13][14][15].
4.1. Simulation Environment
A flight simulator was needed to test what was proposed in the previous chapters. The
FGFS (Flight Gear Flight Simulator 1) was chosen because it is free, open-source and has
a lot of protocols to enter and to extract useful information. The autopilot that FGFS has
on-board can only receive headings in order to control its horizontal attitude so the VAS has
a key-role in order to emulate a system that supports WPs. The simulation environment is
presented in figure 4.1.
Figure 4.1: Simulation Environment
FGFS is combined with Google Earth, and both are a powerful tool when testing UAS mis-
sions. FGFS is responsible to emulate an UAS flying path and the autopilot on-board. The
aircraft selected was a Piper J-3 Cub that FGFS brings with the installation package. This
1www.flightgear.org
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specific aircraft was selected because of its high performances, UAS like-manoeuvrability
and dimensions, and low speeds. This aircraft is presented in figure 4.2.
Figure 4.2: Piper J-3 Cub (Source: [16])
The flying path was followed in the Flight Manager Service [1] which has an integration
of Google Earth. It showed us, as well as the flying path, the flight plan. In addition to
that, Google Earth itself was used when testing WP generation in the FPMa. The software
used in the communication between the FPMa and the VAS (and other flight services) is
MAREA (Middleware Architecture for Remote Embedded Applications) [1].
4.2. VAS Testing
The code was tested using two different methods, the Unit Tests and the Flying Tests. The
first tests are a very often used tool by programmers which consists in testing individual
units of source code to determine whether they are fit to use. The final goal of using this
method is to isolate each part of the code and test that each part works. These test cannot
be used for final testing, since the autopilot needed flying tests to prove that it worked
correctly. The following Unit Tests were created in the VAS:
• Holding Limits Test: It tested the limits for the three areas of the holding patterns
for different combinations of WPs.
• Direct Entry Test: It checked the algorithm of deciding, for a given aircraft position
and a given holding pattern, if the aircraft was able to perform a direct entry.
• Calculate Track Test: The test was aimed to check if the 30 degrees deviation
heading computed for a given WP was correct.
• Calculate Intersection Test: It tested the distance of the aircraft to the track so
as to turn at the right moment according to equation 2.2 and performing a smooth
transition.
In addition to these tests, flying tests were carried to finally test the control loop. The figure
4.3 shows the UAS flying a FO WP of a flight plan. The procedure for the next WP of
the route is performed in a TF transition. When the autopilot checks that a WP has been
overflown it will start turning to a heading of a 30 degrees difference to the next course. At
a certain distance, the UAS will start turning to finally intercept the course
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Figure 4.3: FO+TF autopilot performing a transition
Figure 4.4 represents a graphic of the deviation from the flight plan, which is based on
the flying test presented in figure 4.3. It represents the deviation, in meters, also known
as XTE, or Cross-Track Error, from the UAS position to the red line which unites the WPs
presented in the flight plan.
Figure 4.4: FO+TF autopilot deviation performing a transition
As it can be seen, the UAS has some error when intercepting the track. However, this
error is reduced along the course. More noticeable is the deviation error to the right, just
after passing the FO WP. This deviation is produced because the VAS notices that it has
overflown the WP after passing over the WP and when the distance is bigger than zero.
Checking of an overflown WP is done at a rate of 1 second. By the time the VAS realises
that has passed over a WP, the horizontal autopilot has already tried to direct de UAS
to the yet not-flown WP. The VAS realises that it can not perform a direct entry to the
imaginary hold, but the turn has already been started. That makes an inevitable deviation
but admissible for our final results.
4.3. FPMa Testing
For testing purposes of the WP generation concerning FO+TF autopilot capabilities, Unit
Tests have been created. However, these tests not only test the code but also export the
results. The results are exported in a readable .kml file which can be opened with Google
Earth. Three flight plans containing different missions were created in order to test how
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was the WP generation in each of the different legs. The results are presented in the
following sections.
4.3.1. Generation of a FO+DF transition
According to what was presented in section 2.3.1., a FO+TF autopilot will need an extra
WP in order to be able to fly this specific type of transition. The experimental result of this
test is represented in figure 4.5. WP 0 and WP 2 are original WPs from the flight plan.
WP 1 is the additional WP that has been generated for this leg. The position of WP 1 is in
accordance with equations 2.3 and 2.4. These three WPs are united with a red line, and
the white lines marks the original two WPs of the flight plan. The yellow line is the flying
path of the UAS after flying this transition.
The position of WP 1 is directly connected to the unmanned aircraft speed and bank angle.
In our case, the value of speed has been set to 140 knots and the unmanned aircraft bank
angle to 20 degrees. These two values will vary for another UAS model. Moreover, the
UAS has flown this transition with a speed of 140 knots. Figure 4.6 shows the deviation, in
meters, of the UAV to the red line, shown in figure 4.5
Figure 4.5: Generation of a FO+DF leg for a FO+TF Autopilot
Figure 4.6: FO+TF autopilot deviation performing a FO+DF transition
The UAS flies WP 0 and starts turning to intercept WP 1. When it notices that WP1 had
been over flown tries to intercept the track between WP 1 and WP 2. Notice the small
deviation after passing over WP 1 that has been commented in section 4.2.
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4.3.2. Generation of a FO+RF transition
To perform a RF leg, the autopilot will need a series of WPs that mark the flying path along
the turn. The background of this transition is explained in section 2.3.2. The experimental
result of this test is represented in figure 4.7. WP 1 and WP 6 are the only two WPs con-
tained in the flight plan. WPs 2, 3, 4, 5 are generated in accordance with equation 2.5 and
are equidistant one another. The position of the generated WPs will be the same whatever
the unmanned aircraft speed or bank angle. However, should the speed decrease, the
number of WP in the turn will increase to prevent a loss of accuracy. The unmanned air-
craft bank angle will also make increase or decrease the final number of generated WPs.
For the example in figure 4.7, the value of speed is set in 140 knots and the unmanned
aircraft bank angle in 20 degrees.
Figure 4.7: Generation of a FO+RF leg for a FO+TF Autopilot
Figure 4.8: FO+TF autopilot deviation performing a FO+RF transition
Figure 4.8 shows the deviation, in meters, of the UAV to the red line displayed in figure 4.7
As it can be seen in figure 4.7, the result is not a perfect radius to a fix transition. That
result was not expected in our results and after in-depth checks, we do not know why is
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the autopilot performing as shown. That will have to be studied in the future, but we guess
that it has to do with the separation of the generated WPs.
4.3.3. Generation of a FB+TF transition
In this transition the type of WP that has to be flown is different to the one the autopilot
knows to fly. For that reason, according to section 2.3.3., 2 additional WPs are needed for
this transition. The first one will mark the beginning of the turn, while the second one, the
direction of the new course. The result of this test is presented in figure 4.9.
The original WP from the flight plan is WP 0. WP 0 is the fly-by one, and, consequently,
WPs 1 and 2 are generated to enable the autopilot to perform a fly by. A red line unites
these three WPs and the yellow line is the flying path of the UAS after having flown this
transition.
As well as the other additional WPs for other types of transitions, the positions of WPs 1
and 2 are directly linked to unmanned aircraft speed and bank angle and their coordinates
can be found in equations 2.6 and 2.7, for WP 1 and 2.8 and 2.9, for WP 2. In the example
found in figure 4.9, the value of speed is 140 knots and the unmanned aircraft bank angle
is 20 degrees.
Figure 4.9: Generation of a FB+TF leg for a FO+TF Autopilot
WP 0 appears in the image for graphical purposes, but this WP is never sent to the UAS,
as it is substituted by WPs 1 and 2.
Figure 4.10 represents a graphic of the deviation from the nominal graphic which is based
on the flying test presented in figure 4.9. It represents the deviation, in meters, from the
UAS position to the red line which unites the WPs presented in the flight plan.
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Figure 4.10: FO+TF autopilot deviation performing a FB+TF transition
4.4. Sensitivity to Wind Conditions
As it can be seen in figure 4.11, the control loop did not take into account the effect that
wind can make to the equations that have been presented along the document. For this
reason, all simulations have been made without wind, as this is a future line of working
which is cited in the conclusions of this document.
For the following example the direction of the wind is 360 degrees and the intensity is 15
knots.
Figure 4.11: FO+TF autopilot flying a flight plan with the effect of wind
This figure shows how does the wind affect our system. Between WPs 0 and 1, the UAS
has almost cross wind, so there is a deviation to the flight plan. Then, it flies over WPs
1 and 2. After that, the UAS is also affected by the wind between WPs 2 and 3 which
makes it fly out of the flight plan. Figure 4.11 reflects the error of the UAS to the flight plan
according to what is shown in figure 4.12.
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Figure 4.12: FO+TF autopilot deviation flying a flight plan with the effect of wind
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CHAPTER 5. CONCLUSIONS
It could seem a very easy task to build up an UAS with the variety of airframes and tech-
nology available these days, but there is a huge gap in terms of provisioning UAS with the
necessary tools for transforming them into flexible and highly capable systems to perform
a wide variety of missions. The ICARUS group believes that covering this gap is the key for
the UAS to take advantage of them in civil applications such as fire detection or rescues
in inaccessible areas. In that line, the main objective of this project has been to modify
a concrete part of the UAS so as to increase the flexibility of the system. The modified
parts are two services inside the flight category service, the Flight Plan Manager Service
(FPMa) and the Virtual Autopilot Service (VAS).
The FPMa main task is to translate flight plan legs into WPs, while the VAS isolates and
covers the characteristics of the on-board autopilot. Firstly, a FO+TF (Fly Over + Track to a
Fix) control loop has been implemented in the VAS, so it can emulate this type of loop with
an on-board autopilot. Secondly, RNAV legs, proposed in a previous project, have been
implemented in the FPMa so the UAS can be requested to fly a DF and RF transitions or
even a FB+TF having an emulation of a FO+TF control loop. In addition to that, the FPMa
has been modified to compute the deviation, in length units, from the estimated position
of the UAS and the real one. This information is stored in two files and can be processed
after the flight.
All the objectives proposed at the beginning of the project have been realised with a com-
pletely satisfactory result. However, one of the main difficulties found during the progress
of the project is that every service in the flight category contains a large number of vari-
ables and thousands of lines of code. That made the implementation process slower than
expected.
The RF (Radius to a Fix) transition flown by a FO+TF control loop fall short of our expec-
tations, as shown in section 4.3.2. After in-depth checks, we do not know the reason for
this behaviour in such transition. That will have to be studied in a future project. However,
the DF (Direct to a Fix) and the FB+TF (Fly By + Track to a Fix Transition) live up to our
expectations, and the result of the project, including the FO+TF control loop, is completely
satisfactory.
One future line that can follow this project is the effect of wind. As it can be seen in chapter
4, our system does not take into account the possible effect of the wind when computing
additional WPs or even when flying. One of the very first steps, which is extracting the
intensity and direction of the wind from aircraft speed, is already implemented in the code.
Knowing the direction and the intensity of the wind all formulas that have been presented
in this project will have to include a correction factor.
Other future line is to test the UAS Architecture in hardware-in-the-loop simulations. Up
to now the Architecture has been tested in Flight Gear Flight Simulator (FGFS), although
implementing a very realistic environment is not enough for the final mission of the ICARUS
group to use UAS in civil applications. But, before making real flights, the UAS Architecture
has to be faced to a real autopilot to test its efficiency.
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The following software has been used in the development of this project:
• Flight Gear Flight Simulator: A flight simulator to provide an UAS-like environ-
ment.
• GIMP 2: A free graphics editor to edit some of the figures.
• Google Earth: A virtual globe map to visualize the UAS flying path from a KML file.
• Microsoft Excel 2007: A spreadsheet application to obtain data in a CSV file and
draw graphics.
• Microsoft Visio 2010: A vectorial drawing software for MS Windows to draw the
schematic figures.
• Microsoft Visual Studio 2010 C-Sharp: A C-Sharp writer and compiler to execute
the code.
• Solid Edge V20: A CAD parametric feature solid modelling software to draw some
of the figures explaining the transitions.
• TeXMaker: A LATEX free distribution editor to write the project thesis.
